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Straight and Parallel Flow Channel Design
(Prior Art)

FIGURE 1
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Single Serpentine Flow Channel Design
(Prior Art)
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Multiple Serpentine Flow Channel Design
(Prior Art)

FIGURE 3



U.S. Patent Apr. 28, 2009 Sheet 4 of 15 US 7,524,575 B2

12

m C o
17d

18a

| 15
-18e

16 ?

17e

17¢
17a

18d—

13 14

A

FIGURE 4



U.S. Patent Apr. 28, 2009 Sheet 5 of 15 US 7,524,575 B2

21

—~—e ) 273

28a

26

|

FIGURE 5



U.S. Patent Apr. 28. 2009 Sheet 6 of 15




US 7,524,575 B2

Sheet 7 of 15

Apr. 28, 2009

U.S. Patent

40

41

17d

17b

L o e e e e R S S TR

w...mn L“.....r.,...ﬂu.“..._u_,.m.. “....1 ﬁ#ﬂ.i{hﬁ.&p i)

4

46

48a
8

)
4

FIGURE 7



US 7,524,575 B2

Sheet 8 of 15

Apr. 28, 2009

U.S. Patent

54

o1

58a

G L — A )

iy gl = g L Ll T TR
e e TR L e o e R PR

T R S R T——
e A R e b e
R T B

—98b

A T TR e T RS T ek - T R R R e T el T S e T e R S R P

(o,
L0

52

53

FIGURE 8



US 7,524,575 B2

Sheet 9 of 15

Apr. 28, 2009

U.S. Patent

68C

C—

b R L R R i I R R D N S e A T A S A L e A e G A L R R LT

=

B T R R AN S R e A R D R N SR A I N B

3
ot
H
s 3
i =
-
T
43
il
2

66

68a |,
8

62

FIGURE 9



US 7,524,575 B2
74

Sheet 10 of 15

Apr. 28, 2009
71

U.S. Patent

R .Pr.n.___..__@_w_m.»”...ﬁ:..h i eeaes r L e

A S O A P R S R RO R

T T

e BSALG Ul s wewe B A A T LT T T ) ma a ey A T . e )
4 R L . S i i o Y ,.E.n:.. ._._.Eu_..:.,:.:: ey ey ol e e Y
alale

S e e B

g

AT e e Chgac AL

= L Y XTNTS CTETE RTINS TR ST AR, AL Py n
T T e = e = e o il ke
e ) .._....n._..._....:_...,...._..,...._.....,.....,.........,.“...".....,................M_ﬂ....l.:.u_..“... s W

LR E .

S PR I P R AL R B 0 B A A P PP e,
R s R e e S

75

e g e e g e B B e TR P e

R e B T e

>+

72

FIGURE 10

73



U.S. Patent Apr. 28, 2009 Sheet 11 of 15 US 7,524,575 B2

81 84

85

88a

86 |

~88C

33

FIGURE 11 82



U.S. Patent Apr. 28, 2009 Sheet 12 of 15 US 7,524,575 B2

Approach (ll)
Constant Reactant Molecules per Active Area

ﬁ"
s
*a
%

4

N\

Approach (l) - Constant Flow Ratej

AN

GGas Flow Rate

\ /— Conventional
N

N~

™~

\
—

H

Coordinate of Flow Passage

FIGURE 12



U.S. Patent Apr. 28, 2009 Sheet 13 of 15 US 7,524,575 B2

Approach (ll)
Constant Reactant Molecules per Active Area

\Cpnstant Flow Rate
N Conventional
-~

\

Reactant Density Distribution
(molecules per active area)

\

Coordinate of Flow Passage

FIGURE 13



U.S. Patent Apr. 28, 2009 Sheet 14 of 15 US 7,524,575 B2

Approach (ll)
Constant Reactant Molecules per Active Area

Approach (I)

\\ N Constant Flow Rate

AN ~ |

\\\.

~ \

~— ~
/ ~ - AN
Conventional o~

N

Cell Voltage, Volts

Current Density, A/cm?

FIGURE 14



US 7,524,575 B2

Sheet 15 of 15

Apr. 28, 2009

U.S. Patent

1

A

FIGURE 15



US 7,524,575 B2

1

FLOW FIELD PLATE FOR USE IN FUEL
CELLS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This 1s the first application filed for the present invention.

STATEMENT REGARDING US GOVERNMENT
SPONSORED RESEARCH OR DEVELOPMEN'T

Not Applicable.

FIELD OF THE INVENTION

This mvention relates to electrochemical fuel cells con-
structed of a single or multiple electrically conductive plates
having inputs and outputs of fuel (e.g. hydrogen or reformate)
and oxidant (e.g. O, or air) and coolant if necessary. More
particularly, the present invention relates to fluid flow field
plates.

BACKGROUND OF THE INVENTION

A tuel cell1s a device in which a fuel and an oxidizing agent
are continuously and independently supplied to the anode and
cathode electrodes, respectively, to undertake electrochemi-
cal reactions by which chemical energy 1s converted directly
into electrical energy and by-product of heat. Fuel Cells are
therefore inherently clean and efficient and are unmiquely able
to address the issues of environmental degradation and
energy security. They are also safe, quiet and very reliable. In
the PEM fuel cells the electrolyte 1s a thin polymer membrane
(such as Nafion™, polybenzimidazole (PBI)) that 1s perme-
able to protons, but does not conduct electrons, and the elec-
trodes are typically made from carbon. Hydrogen flowing
into the anode 1s split into hydrogen protons and electrons.
The hydrogen protons permeate across the electrolyte to the
cathode, while the electrons flow through an external circuit
and provide power. Oxygen, commonly 1n the form of air, 1s
supplied to the cathode and combines with the electrons arriv-
ing from external circuit and the hydrogen protons migrated
from the anode to produce water and heat. These reactions at
the electrodes are as follows:

Anode: 2H,=4H" +4e”
Cathode: O,+4H"+4e™=2H,O+Heat
Overall: 2H,+0O,=2H,0O+Electricity+Heat

PEM fuel cells using lithtum-based membranes normally
operate at a temperature of around 70-80° C., but may also
operate at a temperature of about 100 to 200° C. if a high
temperature membrane (such as polybenzimidazole (PBI)) 1s
used. At these temperatures the electrochemical reactions
would normally occur slowly so they need to be stimulated by
a thin layer of catalysts containing such as platinum on each
clectrode. This electrode/electrolyte unit 1s called a mem-
brane electrode assembly (MEA) and it 1s sandwiched
between two flow field plates (or separator plates) to create a
tuel cell. These plates contain grooves to channel the fuel to
the electrodes and also conduct electrons out of the assembly.
Generally, each cell produces around 0.6-0.8 volt, about
enough power to run a light bulb. In order to generate a higher
voltage a number of individual cells are combined 1n series to
form a structure known as a fuel cell stack.

To operate the fuel cell stack efliciently, 1t 1s desirable to
distribute the reactants uniformly across the active area of the
cell, 1.e. the flmid flow field. These objectives are achieved by
providing open-faced fluid flow plates (or called separator
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plates sometimes). The tlow field plate generally serves
essentially important multiple functions, including as current
collectors to provide electrical continuity between the fuel
cell voltage terminals and electrodes, and as mechanical sup-
port for the membrane electrode assembly (MEA) as well as
distributing the reactants and water across the active area of
the MEA. It 1s well known that the performance of fuel cell 1s
highly dependent on the efficient transport and uniform dis-
tribution of the reactants to the electrode catalysts, and on the
appropriate water management of the cell, 1.e. the supply and
removal of water produced during operation of the fuel cell.
Flow field design atfects the fuel cell performance by con-
trolling the reactant concentration gradient, flow rate, pres-
sure drop, water distribution, and current density profile as
well as electrode catalyst utilization efficiency.

A variety of flow field designs exist 1n the art, with con-
ventional designs generally comprising either pin type or
serpentine type designs. An earlier example of the pin-type
flow field design 1s illustrated in U.S. Pat. No. 4,769,297
1ssued to Reiser et al. published on Sep. 6, 1988 1n which an
anode flow field plate and a cathode flow field plate have each
projections, which may be referred to as pins. The reactants
(fuel or oxidant) tlow across the flow field plate through
intervening grooves formed by the projections. A similar
design disclosed 1n U.S. Pat. No. 4,826,742 1ssued to Reiser
published on May 2, 1989 having a pin-type design teaches a
plurality of channels connected to an inlet and an outlet head-
ers at the two ends. The headers extend to an opening that
forms an inlet manifold or outlet manifold, respectively. The
plate was designed for dead-ended operation with predeter-
mined purge frequency. U.S. Pat. No. 6,403,249 B1 1ssued to
Reid on Jun. 11, 2002 disclosed a flow field plate of typical
pin-type design to apply for air-air moisture exchange of a
PEM fuel cell.

Similar to the pin-type configuration, the flow field can be
formed based on thin metal or carbon foils or wire mesh
configurations, which may be simple diagonal path-equiva-
lent patterns formed by various metals including stainless

steels. Examples of this type are illustrated in U.S. Pat. Nos.
6,207,310 and 6,037,072 1ssued to Wilson and Zawodzinski

on Mar. 27, 2001.

As addressed by Mohamed et al. in WO 02/069426 A2
published on Sep. 6, 2002, the pin-type flow field design
features low-pressure drop across the corresponding flow
field, a significant advantage resulting in low parasitic power
consumption in relation to the reactants compression and
delivery. However, the disadvantages of such flow field
design may include: reactants channeling and formation of
stagnant areas, as well as poor water management because the
reactants flowing through flow fields always tend to follow
the path of least resistance.

To date, most tlow field designs have been of the so-called
serpentine type. An example of a flow field having a single
serpentine design 1s 1llustrated 1n U.S. Pat. No. 4,988,583,
1ssued to Watkins et al., in which a single continuous tluid
flow channel 1s formed 1 a major area of flow field plate.
Another example of a single serpentine design 1s 1llustrated in
U.S. Pat. Nos. 5,527,363 and 5,521,018 1ssued to Wilkinson
ctal. on Jun. 18, 1996 and May 28, 1996 and 1n U.S. Pat. No.
5,108,849 1ssued to Watkins on Apr. 28, 1992. A reactant
enters serpentine tlow channel through the inlet fluid mani-
fold and exits through the fluid outlet to the outlet manifold
alter flowing over a major part of the plate. In a single ser-
pentine flow channel the reactants are forced to traverse the
entire active area of the corresponding electrode, therefore
climinating the formation of stagnant areas. However, the
reactants flowing through a single long channel would obvi-
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ously create a substantially high-pressure drop, which in turn
requires large parasitic power consumption, and a significant
reactant concentration gradient from the 1nlet to outlet would
result 1in higher cell voltage loss. Furthermore, the use of a
single channel may promote water flooding, especially at
high current densities. This will also lower the cell perfor-
mance and shorten the cell lifetime.

A number of patents have addressed on the high-pressure
drop problem associated with a single serpentine design by
providing multiple serpentine designs. In such designs reac-
tants from the inlet manifold are directed into several con-
tinuous snacking flow channels to the outlet manifold.
Examples of such multiple serpentine flow field designs are
illustrated 1n U.S. Pat. No. 5,108,849 i1ssued to Watkins on
Apr. 28, 1992 1n which continuous open-faced fluid flow
channels traverse the plate surface 1n multiple passes, 1.e.1n a
serpentine manner. Each channel has a fluid inlet at one end
and a fluid outlet at the other end, 1.e. the fluid flow 1n a
channel 1s 1n a continuous manner. The fluid inlet and outlet of
cach channel are directly connected to the fluid supply open-
ing (or inlet manifold) and fluid exhaust opening (or outlet
manifold), respectively. Other fluid tlow field plates having,
multiple serpentine designs are also disclosed in U.S. Pat. No.
5,108,849 1ssued to Watkins et al. on Apr. 28, 1992, U.S. Pat.
No. 6,150,049 1ssued to Nelson et al. on Nov. 21, 2000, U.S.
Pat. No. 6,500,579 B1 1ssued to Hideo et al. on Dec. 31, 2002,
WO 02093672 A2 and WO 02093668 A1 1ssued to Frank et
al. on Nov. 21, 2002.

U.S. Pat. No. 5,686,199 1ssued to Cavalcaetal. on Nov. 11,
1997 disclosed a flow field plate design 1n which the plate 1s
divided 1nto a plurality of substantially symmetric flow sec-
tors having separate inlets and outlets communicating with
the networks of supply and exhaust flow passages, respec-
tively, while each flow sector includes a plurality of substan-
tially parallel open-faced flow channels with each sector par-
titioned so as to subdivide the channels 1nto a plurality of sets
of channels disposed 1n serial flow relationship. It 1s claimed
that this configuration permits the reactant gases to be trans-
ported to the entire active area of the corresponding fuel cell
clectrode with relatively low reactant gas pressure drop.
However, due to the different lengths of the network channels
communicating with inlet and outlet manifolds 1t may lead to
unequal pressure drop of gases to different flow sectors, and
consequently the reactant gases may not be able to be distrib-
uted uniformly into these symmetric flow sectors. Further-
more, extra pressure drop may be caused because of change in
flow areas of the flow channels when the gases flow from
supply channel to the sector.

U.S. Pat. No. 6,099,984 1ssued to Rock on Aug. 8, 2000
disclosed a PEM {fuel cell having serpentine flow channels
wherein the gas manifold fluidly connects to a plurality of
fluid 1inlet/input legs at one end and a plurality of fluid outlet/
output legs fluidly connects to outlet gas manifold. The inlet
legs of each channel border the 1nlet legs of the next adjacent
channels 1n the same flow field, and the outlet legs of each
channel border the outlet legs of the next adjacent channels 1n
the same tlow field. Each flow channel travels in a portion of
L
t

ne tlow field i a serpentine manner. It may be understood
nat the same flow rates from manifold to the different inlets

may be hard to achieve.

U.S. Pat. No. 6,309,773 B1 1ssued to Rock on Oct. 30, 2001
turther disclosed a PEM fuel cell having serpentine tflow field
channels comprising a plurality of serially linked serpentine
segments extending between inlet and outlet manifolds. Each
segment has an inlet leg, an exit leg, at least one medial leg
there between and hairpin curved ends connecting the medial
legs to other legs of the segment. A bridging section of each
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flow channel connects adjacent segments of the same channel
to the next. The hairpin curved ends of the medial legs are
spaced from bridging sections by different distances depend-
ing on the difference in pressure 1n the bridging section and
the hairpin curved ends. Compared to the typical serpentine
flow field designs, this design seems more complex, and may
lead to an even higher pressure drop.

U.S. Pat. Nos. 5,521,018 and 5,300,370 1ssued to Wilkin-
son et al. published respectively on May 28, 1996 and Apr. 3,
1994 also disclosed a multiple serpentine design of fluid flow
field comprising a continuous region and a discontinuous
region. WO 0148843 A2 to Wilkinson et al. on Jul. 5, 2001
turther disclosed a fuel cell plate with discrete tluid distribu-
tion feature. The employment of discontinuous and discrete
flow channels 1s expected to improve tuel cell performance by
enhancing mass transier, but this 1s only appreciated when
pressurized reactants sources are used.

It 1s understood that serpentine design of fluid flow field
can promote reactant tlow across the active area of the plate,
and forces the movement of water through each channel to
reduce water flooding. However, this type of flow field design
has apparent drawbacks including: (a) long, narrow flow
paths typically involving a plurality of turns leads to a large
unfavorable pressure drop between the mlet and outlet, thus
creating the need for pressurization of the reactant supplies,
which translates to a significant parasitic power load which in
turn reduces the amount of power otherwise available for
delivery; (b) flooding of the electrode due to poor removal and
accumulation of water, which reduces the efficiency and life-
time of the fuel cell. To promote the water removal from long
channels 1t 1s a common practice that a larger reactant supply
1s used to maintain a suificient high reactant speed across the
channels. For instance, as high as 2.5-3.5 of air stoichiometry
1s commonly applied 1n PEM fuel cell operations. This obvi-
ously requires larger parasitic power consumption. Further-
more, the requirement of high reactant supply leads to small
turn down ratio, greatly limiting the system operation flex-
ibility; (¢) long tflow channels result 1n high gradient 1n reac-
tant concentration from the inlet to outlet, which creates
larger drop 1n over potential; (d) high reactant gradients also
leads to non-uniform current density distribution and netiec-
tive utilization of electrode catalysts that, in turn, results in the
use of a larger stack size, increasing the cost of the system.

It has been well known 1n the field that a small fuel cell
having only a few square centimeters of active area can pro-
duce a power density of about 1-2 W/cm2, while the figure
becomes typically 0.1-0.3 W/cm2 when the fuel cell 1s
increased to a few hundreds of square centimeters. This phe-
nomenon 1s referred to as scale-up effect. It has been pre-
dicted that the current density and hydrogen concentration
along the flow channel length has similar pattern that they
decrease along the channel (Hirata et al., Journal of Power
Sources, Vol. 83, pp. 41-49, 1999). Several recent publica-
tions including Wang et al. (Journal of Power Sources, Vol.
94, pp. 40-50, 2001), Neshai et al. (http://www.utc.scsu.edu/
elfects.htm, last visited on Aug. 5, 2003), L1 et al. (Journal of
Power Sources, Vol. 1135, pp. 90-100, 2003), and Yong et al.
(Journal of Power Sources, Vol. 118, pp. 193-199, 2003)
carried out numerical and experimental studies of two-phase
flow and current density distribution across serpentine flow
channels. These studies showed that there 1s a dramatic varia-
tion or decrease of the local current density along the stream,
and at the end of flow stream the electrochemical reaction 1s
extremely weak. Typically, 1t was found that the local current
density does not significantly vary over the first half of the
membrane surface, but 1t sharply decreases over the second
half of membrane surface. The results of oxygen distribution
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showed a similar trend, 1.e. most of the inlet oxygen has been
consumed at the half-length of the flow channel, leaving the
channel outlet section nearly depleted of oxygen, leading to
inefficient utilization of catalysts. In the entrance half-sec-
tion, high reaction rate occurs accompanied by excessive
hydrogen and oxygen consumptions. Due to depletion over
the second half section, the air flow slows down, which con-
sequently could lead to accumulation of liquid water decreas-
ing PEMFC performance by creating high gas resistance
(which 1s known as water flooding). From the result of Wang
et al., 1t 1s found that at the average current density of 1.4
A/cm2 the local current density 1s 2.22 A/cm?2 at the inlet, but
only 0.86 A/cm2 near the outlet. At the midway of the flow
channel the current density showed a sudden drop that marks
the beginning of liquid water formation, suggesting a poor
water removal from the channels given that the oxygen 1s
nearly depleted. This phenomenon is to some extent due to the
fact that the reactivity of fuel cell electrochemical reaction
gradually declines from the hydrogen and oxygen inlets to the
outlets, as these are consumed along the flow passages.

To address on the above problem, Japanese Patent No.
6267564 disclosed a fuel cell plate having such flow passage
that at least any one of the depth or the width of the oxygen-
containing gas delivering plate gradually decreases from an
upstream tlow passage region to a downstream tlow passage
region. Given the fact that the plate itself 1s fairly thick and the
serpentine flow channels are lengthy, the above method
would not be expected to be easy 1n terms of manufacturing
and machining. In this context, U.S. Pat. No. 6,048,633 1ssued
to Fuj1 et al. on Apr. 11, 2000 disclosed a fuel cell plate on
which the number of grooves on the fuel inlet side 1s set to be
larger than the number of grooves on the outlet side. The
grooves are gradually merged with each other as they come to
the outlet side (1.e. the number of grooves will be reduced half
by half in a stepwise manner, e.g. 12-6-3). When the number
of gas tlow passage grooves 1s an odd number, the number of
grooves will be decreased to a hallf number obtained by add-
ing one (1) to the odd number of gas tlow passage grooves.
The ratio of the number of grooves on the inlet side to the
number of grooves on the outlet side 1s set to correspond to the
gas utilization factor.

The method disclosed 1n U.S. Pat. No. 6,048,633 enhances
the uniformity of reactant gases over the active area, promotes
water removal and improves gas diffusion, and consequently
improves cell performance. However, the manner that the
number of grooves decreases half by half inherently limits the
design flexibility 1n selection of the flow passage numbers.
For 1nstance 1t 1s more convenient to have even numbers that
can be easily decreased half by half 1n a stepwise manner. If
we assume a gas consumption rate of 50% (corresponding to
70% H, utilization), and according to the patent, 11 the outlet
has 5 channels, then it 1s only possible to have two passages,
10-3, giving a total 15 channels, which may not be enough to
cover the required active area. Or, if a total of 100 channels
needed to cover the required active surface, the channel
arrangement will be about 67-33 (hali-by-half reduction).
With too many flow channels at each passage, the gas flow
rate will be too low to properly remove the produced water.
On the other hand, in order to cover all the active area and
starting with 5 channels at the outlet, the number of grooves
could be arranged like: 5-10-15-30-60-120. It follows that the
rat1o of groove numbers of 1nlet to outlet 1s no longer corre-
sponding to the gas utilization factor (i.e. 50%). Furthermore,
the method sets the number of grooves on the 1nlet side and
the number of grooves on the outside corresponding to the gas
utilization factor, but 1gnores the fact that the number of
grooves 1n intermediate passages, when decreased half by
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half, does not provide uniformity as local gas flow rate
decreases, generally following an exponential rule. This sug-
gests that the flow rate may have dramatic change from one
passage to the other, creating local non-uniformity and pres-
sure loss due to suddenly acceleration or deceleration. Fur-
thermore, the disclosed method actually only ensures nearly
constant gas flow rate, not reactant molecules per active area.

In conclusion, there 1s accordingly a need for a fuel cell
stack that overcomes the above-mentioned disadvantages of
the prior art.

SUMMARY OF THE INVENTION

Accordingly, an object of the present invention 1s to pro-
vide an improved fuel cell stack that features a fluid tlow field
having improved weight, size and manufacturability charac-
teristics.

It 1s another object of the present invention to provide a
flow field plate that 1s thin, light, low-cost, durable, highly
conductive and has a corrosion-resistant structure that pro-
vides an effective environment to achieve a desired perfor-
mance.

The flow field design incorporates the electrochemical
reaction features to improve utilization of electrode catalysts.
In accordance with the fact that fuel and oxidant concentra-
tions and flow rates are high at the inlet section of the flow
field, decrease gradually toward the outlet section of the flow
field with progress in electrochemical reaction, commonly 1n,
but not limited to, an exponential decay, the present invention
discloses a tflow field design that accordingly varies the flow
area to provide nearly constant reactant concentration per
active area and a nearly constant flow rate across the entire
active area. The present mvention provides a design proce-
dure of the flow field channels 1n which the number of chan-
nels on the mlet side 1s greater than any downstream passages.
The decrease rate 1n the number of flow channels follows, for
example, an exponential rule that represents the variation 1n
the reactant tlow rate according to the cell electrochemical
reactions. Two approaches are disclosed to determine the
decrease rate in the number of flow channels, namely (I)
“Constant Gas Flow Rate Approach” and (11) “Constant
Reactant Molecules per Active Area Approach”, with both
tollowing exponential decay, and not necessarily being half
by half as disclosed in U.S. Pat. No. 6,048,633. The present
invention will therefore increase the tlexibility of the flow
field design, while ensuring best performance to be achieved.

Furthermore, the main features of the fluid flow field filed
designs of the mmvention include: (a): effectively and uni-
formly transport the reactants across the tlow field of the plate
while eliminating areas of stagnant tlow; (b): maintaining
suificient and constant fluid velocity over the entire flow field
to ensure adequate water removal and management to elimi-
nate the water flooding without jeopardizing with high reac-
tant gas supply, leading to savings in parasitic power con-
sumption; (¢): the ability to achieve umiform electrochemical
reaction and to enhance gas diffusion, leading to uniform
current density distribution over the active area of the plate.
As a result of increased utilization of electrode catalysts, the
cell size can be reduced, leading to considerable reductions 1n
costs of plate material, MEA, sealing, and manufacturing.

According to a first broad aspect of the present invention,
there 1s provided a method of flowing reactants over an elec-
trochemically active catalyst surface 1n a fuel cell flow field
plate, the method comprising the steps of: providing a net-
work of flow channels in the plate bounded by an electro-
chemically active catalyst surface, the network comprising a
series of passages having parallel grooves, the passages being
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interconnected by a header providing a substantially even
redistribution of fluid flow received from grooves of one
passage to grooves ol the next passage; and
supplying reactant fluid to create a flow across the network
to achieve a desired reactant utilization, wherein a flow
rate and a concentration of reactant molecules per active
area of membrane 1n the grooves increases by less than
80% across the header.

BRIEF DESCRIPTION OF THE DRAWINGS

These and other features, aspects and advantages of the
present invention will become better understood with regard
to the following description and accompanying drawings
wherein:

FIG. 1 1s a plan view of a prior art flow field plate having a
straight and parallel flow channel design;

FIG. 2 1s a plan view of a prior art flow field plate having a
dingle serpentine tlow channel design;

FIG. 3 1s a plan view of a prior art flow field plate having a
multiple serpentine flow channel design;

FI1G. 4 1s a plan view of an anode tlow field plate according,
to a first embodiment of the present invention;

FIG. 5 1s a plan view of an cathode tlow field plate accord-
ing to a first embodiment of the present invention;

FI1G. 6 1s a plan view of a cathode flow field plate according,
to a second embodiment of the present invention;

FI1G. 7 1s a plan view of an anode tlow field plate according
to a third embodiment of the present invention;

FIG. 8 1s a plan view of a cathode flow field plate according,
to a second embodiment of the present invention;

FIG. 9 1s a plan view of a cathode flow field plate according,
to a third embodiment of the present invention;

FI1G. 10 1s a plan view of an anode flow field plate according,
to a fourth embodiment of the present invention;

FI1G. 11 1s aplan view of an cathode flow field plate accord-
ing to a fourth embodiment of the present invention;

FIG. 12 a schematic diagram comparing variations in the
reacting gas flow rate along the coordinate of the flow channel
between conventional designs and the two approaches of the
present invention;

FIG. 13 1s a schematic diagram comparing variations in
reactant molar density distribution along the coordinate of the
flow channel between conventional designs and the two
approaches of the present imvention;

FIG. 14 1s a schematic diagram comparing variations in
cell voltage against current density between conventional
designs and the two approaches of the present invention; and

FIG. 15 15 a fragmented enlarged view of a flow field plate
having a sloped header according to a second embodiment of
the present invention.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

In order to design a flow field reflecting the principle fea-
ture of the present invention, it 1s necessary to define the gas
utilization factor before presenting the embodiments of the
present invention.

Let the volumetric flow rate mitially introduced to a fuel
cell stack (fuel or oxidant) be F,, the active reactant volumet-
ric concentration v,, and the reactant utilization efficiency
(1.e. reverse of the stoichiometry) p,. To illustrate the inven-
tion, we also assume that the apparent kinetics of the cell
clectrochemical reaction 1s one order respective to the active
component (hydrogen or oxygen), although i1t can be an order
ranging from 0.5 to 2 and the order can be different for the

10

15

20

25

30

35

40

45

50

55

60

65

8

anode respective to hydrogen and for the cathode respective
to oxygen. Based on this assumption, therefore, the variation
in the reactant flow rate will follow an exponential manner,
1.e. F_ =F,y, exp(—px), where F _1s the local reactant tlow rate
at the distance of x from the inlet, and p 1s the decay factor.
Therefore, the total gas tlow rate at the distance x from the
inlet can be expressed as:

F=Fo(1-yo)+F gy exp(-Px)

Applying the definitions of the following:

(1)

o = The Reactant Utilization Efficiency

B Initial Flow Rate — QOutlet Flow Rate
B [nitial Flow Rate

=1 —exp(=pL)

a = The (Gas Utilization Factor

B [nitial Gas Flow Rate — QOutlet (Gas Flow Rate
B [nitial Gas Flow Rate

= Yoo

We then have the gas flow rate expressed as:

(2)

F = Fﬂll — yo(l — exp(ln(lgnﬂ) ]x]

If we substitute the coordinate x with the number of pas-
sage, n, the above equation becomes (where N 1s the total
number of passages from the inlet to the outlet):

(3)

F = Fg[l — yo(1 — E:Kp( mﬁi :71?0) ](n — 1)]

Now, we have two approaches in designing the flow chan-
nels that will gradually decrease 1n the numbers of flow chan-
nels from the inlet to the outlet:

Constant gas flow rate:

(Gas flow rate

Flow Area

L{ —

(Gas flow rate

~ Number of Flow Channles x Flow Area per Channel

This would result 1n the following for the number of
grooves of the 1th passage:

In(1 —70) (4)

L)

Constant reactant molecules per active area.

;= ngll — yg(l — expl

_ Reactant Flow Rate
€= Flow Area

B Reactant Flow Rate
~ Number of Flow Channlesx Flow Area per Channel

This would result 1n the following for the number of
grooves of the 1th passage:
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(3)

Table 1 provides calculation examples that show the dii-
terences between the two approaches described above.

TABL.

L1l

1

Conditions: Fuel Side

Hydrogen concentration: 70%;

Hydrogen Utilization: 80%;

(Gas Utilization Factor: 0.56;

The number of grooves on the inlet side: 34

34 -27-22-19-16 -14 (6 passages)
34 - 26 -20-17 - 14 (5 passages)

34 - 24 -18 -14 (4 passages)

34 - 20 -14 (3 passages)

34 -25-18-13 -9 -7 (6 passages)
34 -23-15-10 -7 (5 passages)

34 - 20 -12 -7 (4 passages)

34 -15 -7 (3 passages)

(I) Constant gas
flow rate approach

(II) Constant reactant
molecules per
active area approach

Conditions: Air Side

Oxygen concentration: 21%o;

Oxygen Utilization: 50%;

(Gas Utilization Factor: 0.105;

The number of grooves on the inlet side: 34

34 -33-32-32 - 31 -30 (6 passages)
34 - 33 -32 -31 -30 (5 passages)

34 - 33 -31 -30 (4 passages)

34 - 32 -30 (3 passages)

34 -30-26-22 - 20 -17 (6 passages)
34 - 29 -24 -20 -17 (5 passages)

34 - 27 -21 -17 (4 passages)

34 - 24 -17 (3 passages)

(I) Constant gas flow
rate approach

(II) Constant reactant
molecules per
active area approach

In practice, the constant gas flow rate approach may favour
a minimum pressure loss and improved water removal, and
the constant reactant molecules per active area approach may
benelit the eflective utilization of catalysts and enhancing
water removal with certain increase 1n pressure loss because
the gas velocity will actually be 1n acceleration while the
reactant molecules per area keep the same along the tlow

passages. The practical flow field can be designed with one of

the above two approaches or both of them, for example, one
for the anode plate and the other for the cathode plate.

It 1s to be understood that data in Table 1 1s provided for the
purpose of illustration only. The number of grooves on the
inlet side and the number of passages are not necessarily the
same, and 1nstead they can be adjusted accordingly to meet
the practical design requirements such as pressure loss, resi-
dence time, and total active area. Also, the orders of electro-
chemical reactions with respect to hydrogen at anode and
oxygen at cathode are not necessarily the same, and therefore
the above equations (1) to (5) can be separately derived
accordingly.

It 1s understood that due to the low utilization of oxidant,
the oxidant flow 1s generally much higher than the fuel flow.
It 1s therefore desirable to have a large number of flow chan-
nels and small number of flow passages for the oxidant in
order to attain a small pressure drop, while for the fuel side 1t
1s preferable to have relatively more passages in order to
increase fuel utilization. Therefore, adjusting the inlet num-
ber of flow channels and the number of flow passages inde-
pendently for the anode and the cathode will allow attaining,
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an optimal performance. For example, with the approach of 65

constant reactant molecules per active area, a tlow field of

36-28-21-17 for the cathode and a flow field of 34-24-17-12-

10

9-6 will make together an active area having a total of 102
channels, while the pressure drop of cathode 1s smaller and
the hydrogen utilization 1s higher.

As described above, the flow area for the reactants reduces
stepwise 1n the downstream direction, and therefore one
would expect an increase 1n pressure drop for the reactants
when compared to the prior art flow pathways having con-
stant flow area or constant number of tlow channels. While a
slight pressure drop increase may be observed, it can be
appreciated that the increase will not be significant since the
flow rate 1s also reduced 1n the downstream direction. Fur-
thermore, with high gas velocity downstream according to the
present invention, such an increase would actually be benefi-
cial in preventing water from condensation.

—

To achieve uniform reactant gas distribution and improve
cell performance, the dimensions of flow channel width,
depth and land (the separation between adjacent grooves)
width are preferably 1n the range of 0.5 to 2.5 mm, 0.5 to 2.5
mm and 0.5 to 2.0 mm. Most preferably they are 1n the range
0f1.0to 2.0 mm, 1.0 to 2.0 mm and 0.5 to 1.0 mm.

It1s understood that flow channel and land are preferably to
have the same dimensions for the anode side and cathode side,
however different dimensions for the anode and cathode flow
channel and land can also be arranged.

While the above description of flow channels refers to
constant cross-sectional grooves, however, such geometric
preference 1s not needed to practice the invention and thus
other geometry of flow channels like variable cross-section
grooves are possible 1n other embodiments of the mnvention.

With respect to FIG. 15 and 1in accordance with the present
invention, the flow channels 38 from upstream passage hav-
ing larger number of channels are fluidly connected to the
next downstream passage having smaller number of channels
through a header 37, which could be parallel, vertical to the
flow channels, and preferably sloped against the tlow chan-
nels 38. Such a sloped design would provide uniform channel
distribution (1dentical channel pitches) over the bend section
as the same as the flow channels upstream and downstream.
The uniform channel pitches create uniform mechanical sup-
port from land areas to MEA, and therefore ensure minimum
mechanical and thermal stress applied to MEA by the plates.
For a sloped header 37, such as the one 1llustrated 1n FIG. 15,
the slope angle ¢ can be determined by:

Lwe + (ni — ]-)Ws

() —
an(g) Ri_iwe + (i) — Dw

In the above equation, n1s the number of flow channels 38,
w_ and w_ are widths of flow channel 38 and land, respec-
tively, while 1 1s the number of flow passages.

The fluid connection header 37 1s open-faced, and there-
fore allows for fluid redistribution from upstream channels 38
to downstream channels 38.

It should be understood that while the above description 1s
presented with respect to open-faced, sloped headers 37,
those skilled 1n the art will appreciate numerous modifica-
tions and variations thereto. For example, the header 37 can
be at any other angle between 0° to 90°. The header 37 could
also have other structural features such as interdigitated, dis-
continuous, half-or fully walled.

FIG. 4 illustrates a first embodiment of the present inven-
tion providing a nearly constant flow rate over the entire
active area. FIG. 4 1s illustrated to correspond to an anode
plate, with assumptions of 70% hydrogen concentration in
reformate and 80% hydrogen utilization efficiency.
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Generally, the tlow field plate 10 includes a network of
supply flow passages or inlet manifold 11 for supplying the
tuel to the flow field 18 and a network of flow passages or
outlet manifold 12 for receirving the reactants discharging
from the flow field. The flow field includes a single or plural-
ity of inlets or outlets fluidly communicating with the net-
works of supplying and exhausting tlow passages. On the
flow field plate 10, there may also be inlets 13 for oxygen-
containing gas supply, outlets 14 for the oxygen-containing
gas exhaust, ilets 16 and outlets 15 for coolant tlow.

As shown 1n FIG. 4, the reactant gas flows through the
manifold 11 fluidly communicating with plurality of flow
channels 18a. While the tlow field plate 10 1n FIG. 4 shows 135
flow channels, 1t 1s to be understood that in practice the
number of channels will be determined so as to meet the
design requirements. It can be appreciated by one skilled 1n
the art that the manifold 11 can be of various regular or

irregular geometric shapes, different from the one shown 1n
FIG. 4.

The flow channels 18 shown 1n FIG. 4 are illustrated as
multiple parallel straight configurations, which are easy to
manufacture and provide smaller pressure drops. At the end
ol each passage of the flow channels 18a to 18/ a collecting
and redistributing mechanism or header 17a to 17¢ 1s pro-
vided. The headers 17 also provide a way that enables chang-
ing the number of flow channels 18 1n a desired manner, not
necessarily half by half.

It 1s understood that after passing through each passage
(18a to 18f) the reactant gas concentration (hydrogen or
hydrogen rich reformate) and the flow rate are reduced, fol-
lowing the aggressive electrochemical reactions in the
entrance section. The decrease 1n the number of flow channels
18 shown illustratively 1n FI1G. 4 1s carried out by the constant
gas flow rate approach as described above, 1.e. 15-12-10-8-7-
6. The ratio between the number of grooves on the outlet side
and the number of the grooves on the 1nlet side corresponds to
the gas utilization factor (0.56 1n this case).

While a similar flow field can be applied for both the anode
and cathode, it 1s preferred to have designs corresponding to
their different requirements 1n terms of gas utilization and
reactant concentration for the fuel and oxidant. FIG. 5 illus-
trates an embodiment of a cathode flow field plate 20, corre-
sponding to the anode plate of FIG. 4 with the same active
area. Each one of the field tlow plates 10, 20 have 58 channels.
The ratio of the number of grooves on the outlet side to the
number of the grooves on the mlet side corresponds to the air
utilization factor, which 1s about 0.89 1n this case with 21%
oxygen 1n the air and 50% oxygen utilization. The flow field
also employs multiple parallel straight channels 28 that have
4 passages (16-15-14-13). The oxygen or oxygen-containing
gas (usually air) 1s distributed from the manifold 23 nto a
plurality of flow channels 28 of the first passage 28a, which
are successively connected and redistributed mto flow chan-
nels 286, 28¢, and 28d through headers 27a to 27¢. After each
header 27 the number of flow channels 28 1s decreased
according to the determined decreasing rate as described
above.

Stacking the first plate 10 as shown 1 FIG. 4 and the
second plate 20 as shown 1n FIG. 5 face-to-face and inserting
the MEA and sealing gasket between the two plates 10, 20

would form a single fuel cell. It 1s understood that 1n this case
the fuel tflow and the oxidant tlow follow 1n a counter-current
fashion. However, 1t should be understood that alternative
flow configurations, such as cross-tflow and co-current flow
for example, are within the scope of application of the prin-
ciples the present invention.
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FIGS. 6 and 7 illustrate anode flow field plates 30, 40
according to a second and a third embodiment according to
the present invention, 1n which the flow channels are provided
in a fashion similar to the conventional serpentine pattern.
Similarly to FI1G. 4 these two figures show the flow field based
on a “Constant Gas Flow Rate Approach” in which a hydro-
gen concentration of 70% and a hydrogen utilization of 80%
are assumed. The flow channels 38, 48 are reduced as 14-10-
8-7-6, for a total of 45 channels. Replacing the headers 17 1n
FIG. 1, several connecting and redistributing mechamisms 37,
47 are provided, which allow the flow channels 38, 48 to
decrease from the number 1n a previous zone to the number of
the following zone according to the determined decrease rate.

FIGS. 8 and 9 schematically show cathode tlow field plates
50, 60 according to a second and third embodiment of the
present invention, in which the flow channels 58, 68 are
provided 1n a fashion similar to the conventional serpentine
pattern. Sitmilarly to FIG. § these two figures show the flow
field based on “Constant Gas Flow Rate Approach’™ in which
an oxygen concentration of 21% and an oxygen utilization of
50% are assumed. The tflow channels 58, 68 are reduced as
16-15-14, giving a total o1 45 channels. Replacing the headers
27 1n FIG. 5, several connecting and redistributing mecha-
nisms 57, 67 are provided, which allow the tlow channels 58,
68 to decrease from the number 1 a previous zone to the
number of the following zone according to the determined
decreasing rate.

It 1s noted that while the tlow field plates as 1llustrated 1n
FIGS. 4-9 are shown to be typically of the conventional shape,
it should be understood that the novel features of the flow field
plate and 1included flow field of the present invention are not
limited to any particular geometric shape.

Now, referring to FIG. 10 and to FIG. 11, there 1s shown a
fourth embodiment of the present invention, based on the
approach of “Constant Molecules per Active Area”, which
would maximize the utilization of the catalysts. The anode
plate 70 of FIG. 10 1s assumed to have a 70% hydrogen
concentration and an 80% hydrogen utilization. The cathode
plate 80 of FIG. 11 assumed an oxygen concentration of 21%
and an oxygen utilization of 50%. Based on this approach, the
number of grooves will decrease exponentially (equation (5))
to the number that equals the number on the 1nlet side multi-
plied by (1-1,). In the case of FIG. 10, the number of grooves
decreases as 16-11-7-5-3, while in FIG. 11 1t 1s 19-13-10,
with both giving the same total of 42 channels. Compared to
the approach of “Constant Gas Flow Rate”, the approach of
“Constant Molecules per Active Area” leads to faster
decrease 1n the number of flow channels or tlow areas from
the 1nlet toward the outlet. Therefore, the gas velocity would
expect to increase from the previous passage to the next,
which would enhance water removal even though the pres-
sure may be somewhat higher. And, since the catalyst utiliza-
tion and the current density are expected to increase greatly,
the size of the fuel cell size 1s smaller, leading to a reduction
in cell volume and cost.

FIGS. 12 to 14 1illustrate the difference in distributions of
gas flow rate and molecules per active area as well as the cell
performance between the designs of conventional, and the
approaches I and II according to the present invention. With
the conventional tlow field, both the gas flow rate and the
reactant molecules per active area monotonically decrease
along the coordinate of the flow passage, which leads to poor
water removal and lower current density. With the approaches
I and 11, both the gas flow rate and the reactant molecules per
active area will decline within the same flow passage, but they
will be raised to the value at the inlet as a result of reduction
in the flow area, which 1s then followed by a gradual decrease
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within the next passage. Because of the presence of inert
gases 1n the reactant stream, the total gas utilization 1s gener-
ally lower than the reactant gas utilization, and thus the
decrease rate 1n the number of flow channels 1s greater with
the approach 11 (constant reactant molecules per active area)
than with the approach I (constant gas flow rate). Therefore,
while the gas flow rate will be nearly constant with the
approach I, 1t will appear somewhat increasing along the flow
passage. With respect to the reactant molecules per active
area, approach I will be somewhat lower compared to
approach 11, even though they all are higher than the prior art
conventional design. Constant and higher reactant molecules
per active area as well as the benefits including increased gas
diffusion and improved water removal as a result of increased
gas tlow rate and turbulence, the approach II will produce
superior performance than the approach I, and the latter 1s
certainly better than the conventional design, as shown 1n
FIG. 14.

It 1s to be understood that the number of flow passages, the
number of the grooves of the first passage, the positions of the
manifold holes, and the orientation of the flow channels as
well as the geometric shapes of the plates can be freely deter-
mined considering the system requirements and restrictions
of each individual design.

In the set of embodiments described above, the flow chan-
nels on the anode plate and on the cathode plate will have
identical dimensions and will be arranged to mate each other
across the MEA (i.e. channel facing channel and land facing
land). However, other arrangements are also possible and
therefore such arrangements are considered to be within the
scope of the present invention.

While 1n the preferred embodiment a Proton Exchange
Membrane Fuel Cells (PEMFC) (conventional low tempera-
tures and high temperatures) has been used, the method
described above 1s also applicable to other types of fuel cells

such as alkaline fuel cell (AFC), phosphoric acid fuel cell
(PAFC) and molten carbonate fuel cell (MCFC), or wherever
reactant distributions are required. The fluud flow field
designs 1n this imnvention will be applicable for either anode or
cathode side, as well as for the coolant side it desired.

It will be understood that numerous modifications thereto
will appear to those skilled in the art. Accordingly, the above
description and accompanying drawings should be taken as
illustrative of the mvention and not 1n a limiting sense. It will
turther be understood that it 1s 1ntended to cover any varia-
tions, uses, or adaptations of the invention following, in gen-
eral, the principles of the imnvention and including such depar-
tures from the present disclosure as come within known or
customary practice within the art to which the mnvention per-
tains and as may be applied to the essential features herein
betore set forth, and as follows 1n the scope of the appended
claims.

What 1s claimed 1s:

1. A tlow field plate for a fuel cell stack, the flow field plate
comprising:

an 1nlet manifold;

an outlet manifold; and

a flow field commumicating with said inlet mamifold and

said outlet manifold, the flow field comprising at least
three passages, each one of said passages having grooves
thereon, adjacent ones of said passages being intercon-
nected by a header providing a substantially even redis-
tribution of a fluid flow recerved from grooves of one
passage to grooves of a next passage, a number of said
grooves for each one of said passages decreasing from
one of said passages to another from said inlet manifold
to said outlet manifold, said decreasing following an
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exponential rule 1n order to maintain substantially con-
stant one of a flow rate and a concentration of reactant
molecules per active area of a membrane 1n said grooves
across said flow field.

2. The flow field as claimed 1n claim 1, wherein said flow
field plate 1s an anode flow field plate.

3. The flow field plate as claimed in claim 1, wherein said
flow field plate 1s a cathode flow field plate.

4. The flow field plate as claimed in claim 1, wherein said
grooves of each one of said at least three passages are parallel.

5. The flow field plate as claimed in claim 4, wherein said
grooves of each one of said at least three passages have
constant cross-section dimensions, said header acting as a
mamifold interconnecting many grooves of an upstream pas-
sage to many grooves of a downstream passage, a ratio 1n a
number of grooves 1n mterconnected passages being less than
2:1.

6. The tlow field plate as claimed 1n claim 1, wherein said
header 1s positioned at an angle so that a reactant fluid flowing
in said flow field changes from a first direction of tlow 1n said
grooves of one passage, as 1t passes through said header, to a
second direction of tlow 1n said grooves of a next passage.

7. The flow field plate as claimed in claim 6, wherein said
second direction of flow of said reactant fluid in said grooves
ol a next passage 1s at substantially 90° from said first direc-
tion of tlow.

8. The flow field plate as claimed 1n claim 7, wherein said
passages are iterconnected to form a U-turn, said header
being positioned at one corner of said U-turn and wherein said

first direction of flow 1s a downward direction and said second
direction of flow 1s an upward direction.

9. The flow field plate as claimed in claim 6, wherein said
angle 1s given by

Lwe + (HE - 1)W5

L = .
an(@) Ri—1we + (i1 — Dwy

wherein said angle 1s ¢, n 1s a number of flow channels, w _ 1s
a width of a flow channel, w_1s a width of a land, and 1 1s a
number 1dentifying a passage.

10. The flow field plate as claimed in claim 1, wherein a
desired reactant utilization 1s greater than 40%.

11. The tflow field plate as claimed in claim 1, wherein said
one of said flow rate and said concentration of reactant mol-

ecules per active area 1s substantially the same at entrances of
said at least three passage of grooves.

12. The tflow field plate as claimed in claim 1, wherein said
one of said flow rate and said concentration of reactant mol-

ecules per active area of membrane 1n said grooves increases
by less than 40% across each said header.

13. The tflow field plate as claimed 1n claim 1, wherein said
number of grooves 1s given by

In(1 —7n0) .
Y (i—1)],

fl; = fpCXp

wherein n, 1s a number of grooves 1n a first one of said at least
three passages, N 1s a total number of said at least three
passages, M, 1s a fluid reactant utilization efficiency and 11s a
number 1dentifying a passage.
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14. The flow field plate as claimed 1n claim 1, wherein said n, 1s a number of grooves 1n a first one of said at least three
number of grooves 1s given by passages, Y, 1s a fluid reactant volumetric concentration, N 1s

a total number of said at least three passages, 1, 1s a tlud
reactant utilization efficiency and 1 1s a number 1dentifying a

;= n.;;.[l — yg(l — expllnﬁi _HD)(E— 1)”], . passage.
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